Objective: We conducted a prospective phase II clinical trial to determine the efficacy of sorafenib in patients with advanced radio-iodine refractory differentiated thyroid cancer. In this article, the long-term results are presented. Patients and methods: Thirty-one patients with progressive metastatic or locally advanced radioactive iodine refractory differentiated thyroid cancer received sorafenib 400 mg orally twice daily. The study end points included response rate, progression-free survival (PFS), overall survival (OS), best response by Response Evaluation Criteria in Solid Tumors criteria 1.0, and toxicity. Results: Median PFS was 18 months (95% confidence interval (95% CI): 7-29 months) and median OS was 34.5 months (95% CI: 19-50 months). Eight patients (31%) achieved a partial response and 11 patients (42%) showed stable disease after a median follow-up of 25 months (range 3.5-39 months). Toxicity mostly included hand foot syndrome, weight loss, diarrhea, and rash. Conclusion: Sorafenib has clinically relevant antitumor activity in patients with progressive metastatic or locally advanced radio-iodine refractory differentiated thyroid cancer. Sorafenib can nowadays be considered as the standard option in these patients.
Introduction
Thyroid cancer is the most prevalent endocrine malignancy, accounting for 95% of cancers of the endocrine system and 66% of endocrine cancer mortality in 2010 (1). The current incidence in Europe is 49/1 000 000 per year, with a nearly three times higher incidence in women (2) .
Differentiated thyroid carcinoma (DTC) is by far the most common (95%) subtype and includes papillary thyroid carcinoma (PTC, 80%) and follicular thyroid carcinoma (FTC, 10-15%) as well as subtypes like Hurthle cell carcinomas. The majority of DTCs are slowly progressive, and, when identified at an early stage, frequently cured with adequate surgical management and radioactive iodine 131-I (RAI) ablation therapy. However, metastatic DTC that has become inoperable or refractory to RAI therapy is associated with a less favorable prognosis, as 10-year survival varies between 25 and 40% (3, 4) . The efficacy of conventional chemotherapy in DTC is negligible, and chemotherapy is therefore no longer recommended in international guidelines (5, 6) . As a result of increased understanding of thyroid tumorigenesis, potential targets, and novel therapeutic agents that target biological abnormalities have been identified.
In DTC, the role of activated genetic aberrations in the RET-RAS-RAF-MAPK signaling pathway in tumor development and progression has been determined. The B-type Raf kinase (BRAF) V600E mutation has been reported in 29-69% of PTC and is associated with recurrent and persistent disease with a higher rate of lymph node metastasis and higher TNM stage (7, 8) . In a review of 11 studies in thyroid cancer, up to 50% of follicular and 12% of Hurthle cell malignancies harbored RAS mutations or RAS downstream signaling PIK3CA mutations (9) . Rearrangements in the RET proto-oncogene occur in up to 25% of PTC, resulting in the generation of chimeric oncogenes responsible for the initiation of tumor formation (10) . Additionally, RAS mutations and RET/PTC translocations also result in aberrant signaling through BRAF. Furthermore, the RET-RAS-RAF pathway leads to vascular endothelial growth factor (VEGF) and VEGF receptor (VEGFR) synthesis through interconnection with the epithelial growth factor receptor (EGFR)-activated cascade (11) . In turn, these are the most important regulators in the process of angiogenesis. Increased vascularity plays a crucial role in tumor growth and generating metastasis (12) . In human thyroid cancer, VEGF overexpression is associated with increased tumor stage and invasiveness (11) . Pazopanib is a tyrosine kinase inhibitor (TKI) that targets VEGFR1-3 and c-KIT. Its antitumor activity in advanced and progressive DTC was demonstrated in a phase II trial, which showed a partial response (PR) rate in 49% of patients (nZ39). Median progression-free survival (PFS) was 12 months (13, 14) . XL184 (cabozantinib) is an oral inhibitor of RET, c-MET, and VEGFR1 and 2. c-MET activation triggers tumor growth and angiogenesis. Moreover, in patients with PTC and MTC, overexpression and frequent mutations of the c-MET receptor have been reported (15) . Antitumor activity of cabozantinib in patients with DTC was recently reported at the 2012 ASCO Annual Meeting. Cabanillas et al. found confirmed PR and stable disease (SD) in 53 and 40% of patients respectively (nZ15). Disease control rate (PRCSD) was 80% at 16 weeks. At the time of data presentation, median PFS and overall survival (OS) had not been reached (16) .
E7080 (lenvatinib) is also an inhibitor of multiple TK, especially VEGFRs, c-KIT, and platelet-derived growth factor receptor b stem cell factor receptor. In animal studies, it has been shown to have potent antitumor activity against small-cell lung cancer and breast cancer most likely through inhibition of VEGFR2 and 3 (17, 18) . A phase II trial of lenvatinib in RAI refractory DTC (nZ58) by Sherman et al. (19) showed a PR rate of 50% and a median PFS of 13 months. A recent study by Rajoria et al. (20) showed estrogen to be a key regulating factor of VEGF expression in thyroid cells, suggesting a role for antiestrogens in the therapeutic regimen to treat thyroid cancer.
As a result of this increased understanding of the biological basis for thyroid cancer development, multiple clinical trials with multi-target TKIs have been conducted. Sorafenib (BAY 43-9006) is an orally active TKI that targets BRAF, VEGFR1 and 2, and RET, implementing antiangiogenic and proapoptotic actions. Results of an update of a phase II study on sorafenib, reported at the 2011 ASCO Annual Meeting by Brose et al., showed a PFS of 24 months and an OS of 35 months in 47 patients with DTC and poorly differentiated thyroid cancer (PD; nZ55). A PR was achieved in 38% of patients and 47% had SD (21) . Another phase II study in mainly patients with advanced DTC (nZ30) reported a PR rate of 23%, an SD rate of 53%, and a median PFS of 20 months (22) . Kloos et al. examined the effect of sorafenib mainly in patients with metastatic PTC (nZ41) and reported a PR and SD of 15 and 56% respectively. The median PFS was 15 months (23) . Recent results of a study with the MEK1/2 inhibitor selumetinib showed reinduction of radio-iodine uptake in 60% of patients with RAI refractory thyroid cancers of follicular origin (24).
Our phase II study was designed to assess the effects of sorafenib on restoring the susceptibility to RAI therapy, tumor progression, and safety in RAI refractory DTC. The first report of this study by Hoftijzer et al. (25) showed a promising efficacy and tolerability of sorafenib, but no beneficial effects on radio-iodine uptake. Here, we report the long-term outcomes of this sorafenib trial in advanced RAI refractory DTC with results on efficacy, safety, and tolerability.
Materials and methods

Patients
Details of study design and patient eligibility of this study have been described previously (25) . Briefly, eligibility criteria were the presence of progressive metastases or unresectable local recurrence of DTC for which RAI therapy was no longer effective, as indicated by prior negative post-therapeutic whole-body scintigraphy. Progressive disease was defined according to Response Evaluation Criteria in Solid Tumors (RECIST) criteria 1.0 12 months before initiation of treatment. Patients had undergone total thyroidectomy and RAI ablative therapy. Eastern Cooperative Oncology Group performance status had to be !2 and life expectancy had to be more than 3 months. Written informed consent was provided by all patients before enrollment onto the trial. The study protocol was approved by the Institutional Review Board of the Leiden University Medical Center. This study was registered at ClinicalTrials.gov (#NCT00887107).
Study design
We performed a nonrandomized, open-arm, phase II trial of sorafenib in 31 patients with advanced RAI refractory DTC. For a complete description of study design, we refer to the paper of Hoftijzer et al. (25) . The primary objective of this study was to determine the efficacy of sorafenib treatment with a PR as the primary end point. The secondary objective was to study RAI reuptake and the safety of sorafenib as an antitumor drug for advanced RAI refractory DTC patients. Sorafenib was administered at a dose of 400 mg orally twice a day until disease progression, uncontrollable side effects, death, or patients' own request. Safety assessments consisted of physical examination, documentation of adverse events (AEs), and laboratory parameters (total blood count, electrolytes, and kidney and liver function) and were performed every 4 weeks. The incidence, grade, and relationship of AEs to the drug were graded with the use of Common Terminology Criteria for Adverse Events (CTCAE, version 3.0).
After completion of 6-month treatment, patients were allowed to continue sorafenib treatment when a favorable response (complete remission, partial remission, or SD) had been achieved. Sorafenib was thereafter continued until progression according to RECIST 1.0 criteria with computed tomography (CT) scanning performed every 6 months. In this article, we report the long-term outcomes and tolerability of sorafenib in patients with advanced RAI refractory DTC.
Statistical analysis
In this study, data are reported as medianGS.D., median (range), or proportions. Best objective response rate (RR) refers to the proportion of patients who had the best response rating for complete response (CR) or PR according to RECIST 1.0. The OS, PFS (defined as the time from starting study drug to progression), and overall disease control rate with associated 95% confidence intervals (95% CIs) were obtained using the Kaplan-Meier method. AEs were scored according to the National Cancer Institute's CTCAE, version 3.0. Other safety parameters, including laboratory data, were summarized descriptively. Variables possibly influencing response to sorafenib were analyzed with binomial logistic regression. The calculations were performed using SPSS 17.0 for Windows (SPSS, Chicago, IL, USA).
Results
Patient characteristics
All 31 patients were included in this long-term outcome study on sorafenib. The follow-up of the study ended on 1 March 2011 with five patients excluded from the efficacy analysis because they did not reach the first radiological evaluation at 6 months. One patient requested to stop sorafenib treatment after 4 days, one patient developed small-cell lung cancer, and three patients discontinued treatment because of AEs. Median follow-up period was 25 months (range 3.5-39 months) and median sorafenib treatment period was 9.2 months (range 0.1-39 months). By the time the follow-up of the study ended (March 2011), four patients (15.4%) were still on sorafenib (Fig. 1) .
Baseline characteristics of the included patients are listed in Table 1 . As can be expected, Hurthle cell metaplasia, which is associated with poor RAI responsiveness, was overrepresented in the patient group (42%). Two of 13 PTC patients had a poorly differentiated carcinoma. A total of 15 mutations were identified on primary tumor material, of which BRAF V600E was most frequently observed with 10/13 PTC patients harboring a BRAF V600E mutation.
Efficacy
Of the 31 patients enrolled in this study, 26 patients were eligible for efficacy analysis. Five patients were excluded for the reasons previously mentioned. Data on efficacy are given in Table 2 and Fig. 2 .
At a median follow-up of 25 months, the overall disease control rate was 27%. The total proportion of PR was 31% (nZ8), which were all achieved in the first 6 months of treatment. Four patients (15%) had an 
a Including both thyroid bed (nZ5) and neck lymph nodes (nZ4).
ongoing PR and three patients (12%) showed ongoing SD. There were no CRs. Individual data per patient response is summarized in Table 3 . At the time of this data analysis, the cumulative number of patients with progressive disease was 15 (58%). Disease progression was not influenced by age, gender, or histology, including the presence of Hurthle cell metaplasia. Furthermore, the presence of a BRAF V600E mutation was not related to disease progression. The prevalence of other mutations was too low to allow statistical analysis. Disease progression in soft tissue metastases or bone metastases did not significantly differ. However, the favorable responses seen in three patients with bone metastases were based on regression of metastases other than bone, predominantly lung, whereas the bone metastases were stable. The overall median OS was 34.5 months (95% CI: 19-50 months). In the presence of bone metastases, median OS was significantly worse with 23 months (95% CI: 20-26 months) compared with the median OS of the whole group. However, at the time of this data analysis, median OS was not reached for patients without bone metastases ( Fig. 2A) . Age and gender did not influence OS. Estimation of median PFS was 18 months (95% CI: 7-29 months). Similarly, the median PFS was influenced by the presence of bone metastases. Median PFS was 20 and 12 months in the absence and presence of bone metastases respectively (Fig. 2B) . A relation between OS and PFS and site of bone metastases could not be established as 12 of 13 patients with bone metastases had metastases localized in the axial skeleton. Hurthle cell metaplasia and reduction of drug dose did not influence PFS.
Thyroglobulin (Tg) response reflected the radiological response (Table 4) . From baseline, patients with a PR had a median decrease of 24 mg/l (range, K2746 to 2.6 mg/l) in their serum Tg levels. Patients with SD showed a median elevation of 19 mg/l (range, K60 to 3724 mg/l). The serum Tg levels in patients that showed PD increased by a median of 49 mg/l (range, K5320 to 87 736 mg/l). The 54-year-old woman with pulmonary metastases of a Hurthle cell FTC reported at 6 months with high Tg levels (99 900 mg/l) but a decrease in number, size, and density of all metastases died 2 months later from disease progression with a Tg level that remained high (89 400 mg/l). 
Time (months) No bone metastases Bone metastases Overall
No bone metastases Bone metastases Overall Progression-free survival (probability) 
Treatment tolerability and AEs
Eighteen patients (58%) required dose reduction due to toxicity. Four of them (13%) discontinued the study later on due to AEs. Of these, three patients suffered from a myocardial infarction after 1, 20, and 22 months of sorafenib treatment respectively and one patient quit due to complaints of malaise after 39 months. Forty-four percent of dose reductions occurred in the first month of treatment. Further details on dose reduction and daily sorafenib dose are listed in Table 5 . In total, seven patients (23%) terminated study participation as a result of drug-related AEs. There were three patients who discontinued sorafenib before dose reduction after 1, 12, and 19 months due to angioedema, congestive heart disease, and malaise and weight loss respectively. One patient discontinued treatment after 3 months due to the development of small-cell lung cancer. One patient was diagnosed with carcinoma of the tongue after 46 months of sorafenib treatment. Thirteen patients (42%) required levothyroxine dose adjustments in order to maintain euthyroidism. All observed AEs are listed in Table 6 . Treatmentrelated AEs were predominantly of grade 1 or 2, with the most common events including hand foot syndrome (HFS), weight loss, diarrhea, and rash. Grade 3 AEs consisted of HFS (23%), weight loss (10%), diarrhea (6%), rash (16%), mucositis (10%), and congestive heart disease (3%). Grade 4 AEs comprised myocardial infarction in three patients (10%), which led to death within 2 months after the infarction in one patient. The majority of AEs were seen in the first year of treatment and were controllable with dose reduction, medication, or supporting measures (i.e. dietary consultation and additional feeding). No correlations were found between toxicity and performance state or age.
Discussion
The developments in the treatment of advanced thyroid cancer are a result of increased understanding of thyroid tumorigenesis. A high percentage of differentiated thyroid cancers contain aberrations in the RET/PTC-RAS-RAF-MAPK pathway. In addition, the RET-RAS-RAF pathway leads to VEGF and VEGFR synthesis through the EGFR-activated cascade. Hence, compounds targeting the activated RET-RAS-RAF pathway and beyond, antiangiogenic compounds or a combination of both, may be effective in RAI non-avid DTC (26) . Several clinical trials in thyroid cancer have shown considerable percentages of clinical responses, suggesting this assumption to be accurate. Of the targeted therapies that have shown promising results in advanced differentiated thyroid cancer, only sorafenib targets both BRAF and RET, as well as VEGFR. However, sorafenib is a relatively weak BRAF inhibitor. The most potent BRAF inhibitor, vemurafenib, might be more effective in PTC harboring a BRAF mutation and is currently under study in an international phase II trials (www.clinicaltrials.gov, NCT01286753) (27) .
Our study is the first study reporting the long-term effects of sorafenib treatment in advanced RAI refractory DTC patients. We also provided results of the influence of bone metastases on survival outcome and PFS. Our results were not influenced by subtypes of thyroid cancer, as we only included patients with DTC, ensuring a homogeneous study population. In our trial, we observed beneficial effects of sorafenib. At 6 and 25 months, median PFS was 14.5 and 18 months respectively. At 6 and 25 months, median OS was 25 months and 34.5 months respectively. The PR rate of 25% we observed in the first 6 months of the trial is one of the highest PR rates reported in sorafenib trials in DTC. Kloos et al. (23) found a PR rate of 15% in patients with metastatic PTC. Gupta-Abramson et al. (22) reported a PR of 23% (DTC, MTC, and anaplastic thyroid carcinoma (ATC)) whereas Ahmed et al. (28) observed a PR in 21% of patients with metastatic thyroid cancer (DTC and MTC). Our high PR rate could be attributed to the differences in patient categories (histologies, tumor stages, sites of metastases, and tumor extent), study design, and analytical methods between the different phase II trials. The explanation for the significantly less favorable outcome in patients with bone metastases remains unclear. The relationship between the genetic profile of bone metastases and responsiveness to sorafenib is hard to establish given the lower tissue levels and difficulties in obtaining tissue from bone metastases. It can be hypothesized that VEGFR-targeted therapies are less effective in bone metastases as the role of VEGFR signal transduction in tumor expansion may differ between soft tissue and bone metastases. Another explanation may be that through systemic release of cytokines or proteins from the bone microenvironment, the presence of bone metastases influences the response to sorafenib in soft tissue metastases. The dose of sorafenib used in our study was generally well tolerated, although dose reductions were required in 58% of patients. Tumor response, however, was not affected by dose reductions. Toxicities observed in our study were mostly grades 1 and 2 and similar to those reported in the other phase II trials of sorafenib (21, 22, 23, 28, 29) . A long-term safety evaluation of sorafenib in advanced renal cell carcinoma showed similar results, supporting our findings (30) . Dermatological AEs were the most commonly observed. A recent study of sorafenib in patients with hepatocellular carcinoma reported better response in patients with early skin reactions (31); however, we were not able to establish that correlation. Adverse effects were in the majority of cases manageable with dose reduction, medication, or supplementary measures. However, beneficial effects on tumor response should always be weighed against the side effects and quality of life of targeted therapies (3, 4, 29) .
There are some issues that have to be addressed too. RECIST criteria should be applied for judgment of progression for inclusion in trials and for follow-up scans to determine treatment effect. However, RECIST criteria have several limitations for the determination of efficacy of targeted drug activity. This is shown by the fact that in our study, some of the patients with PD based on new lesions had stable or even reduction in the target lesion's longest diameter. Nevertheless, the RECIST criteria are the best criteria to date and should be used in every clinical trial.
Another issue is that in studies of targeted therapy in advanced thyroid cancer, a substantial proportion of patients (33-50%) had SD of varying duration as best response (32) . Given the indolent natural history of these tumors, SD may be considered to be of limited value. Considering this, the determination of the best primary end point remains an issue. Objective RRs do not correlate per se with OS. Given the indolent nature of advanced thyroid cancer, PFS and OS are not always preferred primary end points. Therefore, only patients with documented progressive disease should be included in clinical trials, permitting a smaller sample size and a shorter time for follow-up to demonstrate a difference in response to therapy between treatment groups. In addition, sorafenib treatment should only be initiated in patients with progressive disease or significant tumor burden in the presence of RECIST targets. Furthermore, patients with SD at baseline may not benefit from therapy and do not need treatment with targeted agents, with all possible side effects.
In conclusion, sorafenib is generally well tolerated and has demonstrated to be clinically active in the long term in advanced RAI refractory DTC. In order to enhance sorafenib treatment efficacy, further trials need to focus on sequential or combination therapy, as patients eventually become progressive on sorafenib or do not tolerate it. More trials with new targeted agents are underway and the outcomes of these trials will contribute to a better treatment and understanding of advanced thyroid cancer.
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